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IR-based detectors exploit the long-wave IR emission (LWIR; for example, thermal emission) of a studied object using the fact that the integral radiation intensity emitted from the blackbody scales with its temperature T as ~T 4 . This emission can be recorded with rather costly photodetector arrays composed of narrow-bandgap semiconductors (InSb, In 1 − x Ga x As and Hg 1 − x Cd x Te) 4, 5 , and this method is predominantly used for scientific and military purposes. The alternative and less expensive bolometric detectors, following advances in MEMS technologies (micro-electro-mechanical systems) 6, 7 , have already entered the consumer electronics market, and are able to record thermal images with both high speed and high resolution. However, their thermographic performance, based on measurements of IR radiation intensity, is inherently limited by the transparency and emissivity/reflectivity of an observed object and, more importantly, by any material and medium (window, coating, matrix, solvent and so on) located in the path between the detector and the object (Fig. 1) . As one of the major consequences, IR thermography cannot be easily combined with conventional optical microscopy or other enclosed optical systems such as cryostats or microfluidic cells.
An alternative method for remote thermography, which is unhindered by enclosures or IR-absorptive media, utilizes temperature-sensitive luminophores (that is, fluorophores or phosphors) with photoluminescence (PL) in the visible spectral range (Fig. 1c) that are deposited onto, or incorporated into, the object of interest as temperature probes [8] [9] [10] [11] [12] [13] [14] [15] [16] . To probe an object's temperature, the luminophore is excited by an ultraviolet or visible (UV-vis) pulsed source (for example, a laser or light-emitting diode, LED), and the temperature-dependent PL lifetime decay is then analysed by timeresolving detectors. This PL lifetime approach has several benefits: the excitation power, and consequently the PL intensity, can be adjusted to a value appropriate for the dynamic range of the detector. Additionally, the use of UV-vis light rather than mid-to longwavelength IR radiation allows for the direct integration of this method with conventional optical spectroscopy and microscopy applied in biological studies and materials research. Furthermore, higher spatial resolutions can be obtained with visible light (400-700 nm) as the diffraction limit is ~20 times sharper than for LWIR (7-14 µm) ; this potentially extends the utility of remote thermography to intracellular, in vitro and in vivo studies 17 .
To promote the advancement and widespread use of remote thermography, a much broader portfolio of luminescent, thermally sensitive and temperature-range-tunable materials is required. These emitters must exhibit a fully reproducible radiative lifetime versus temperature dependence, and demonstrate invariant behaviour towards excitation-light intensity. Although emitters satisfying these conditions do exist, the precision of thermometry utilizing them has so far been reported to be only in the 0.1-1 °C range 9, 15, 18 . This level of thermometric precision (the reproducibility with which a single point's temperature can be measured) can again be attributed to two factors: the often moderate thermal sensitivity of available luminophores 18 and the PL lifetime measurement techniques that have been traditionally applied in industry. On the other hand, thermographic precision is related to the reproducibility of temperatures across an entire image (which adds spatial resolution as an additional parameter) as well as the different detection hardware (suitable for recording images). As a result, progress in the development of PL lifetime thermography has suffered from the exclusive use of expensive, bulky techniques that are in fact single-point measurements, which prohibit fast image acquisition. To address these shortcomings, we present (1) a family of low-dimensional tin-halide luminophores well-suited for remote thermography due to their strongly temperature-dependent, compound-specific PL lifetimes, (2) thermometric precision down to 0.013 °C with operation in a broad temperature range from −100 to 110 °C and (3) a thermographic method utilizing time-of-flight (ToF) cameras 19, 20 for costeffective, high-resolution, fast thermal imaging.
results
Low-dimensional tin-halide perovskite-derived luminophores. In the search for suitable thermographic luminophores, we analysed the potential of lead or tin-halides with perovskite or lowerdimensional perovskite-like crystal structures. These compounds are formed by metal-halide polyhedral anions, typically MX 6 4− octahedra (M = Pb, Sn), which are either fully isolated and surrounded by positively charged counterions (so-called 0D compounds) or connected into extended one-, two-or three-dimensional (1D-3D) frameworks through corner-, edge-or face-sharing 21, 22 . In particular, 3D lead-halide perovskites, have recently emerged as prominent optoelectronic materials for photovoltaics and photodetectors [23] [24] [25] [26] [27] , hard-radiation detection [28] [29] [30] , as well as bright light emitters [31] [32] [33] [34] . Although bright luminescence has been reported at all dimensionalities for metal-halides, we have found that only 0D and 1D compounds exhibit a suitable set of optical characteristics for remote thermography.
In low-dimensional, and specifically 0D perovskites, the electronic structure evolves from disperse electronic bands in 2D-3D materials to more localized states (molecule-like) in 0D-1D compounds 21 . Stemming from this, the mechanism of luminescence is also drastically different, and ranges from rather large, delocalized Wanniertype excitons in 3D materials to ultra-small Frenkel-like self-trapped excitons (STEs) in 0D compounds [35] [36] [37] [38] . We have tested a range of highly luminescent, fully inorganic and hybrid organic-inorganic 0D and 1D tin-halide compounds for their suitability for thermography in the range of −40 to 120 °C. Based on temperature-dependent PL and PL-lifetime measurements, three suitable candidates have been shortlisted: [C(NH 2 ) 3 ] 2 SnBr 4 [C(NH 2 ) 3 = guanidinium] (ref. 39 ), Cs 4 SnBr 6 (ref. 40 ) and (C 4 N 2 H 14 I) 4 SnI 6 (ref. 41 ) (Fig. 2 and Table 1 ). All of these compounds exhibit temperature-dependent PL lifetimes in the range of 1 ns-1 µs, and thus ideally match the optimal modulation range for most commercial ToF sensors (for example, from tens of kilohertz to tens of megahertz). This is in sharp contrast to the thermographic luminophores based on rare-earth-doped oxides 9, 13, 16, 42, 43 , which are characterized by much slower emission, typically in the millisecond range. Furthermore, the absorption coefficients of tinhalides for the UV-A range (315-400 nm, convenient for optical excitation) are high, and comparable to the bandgap absorption values ( Fig. 2) as each octahedron within the structure can act as an absorber/emitter. In contrast, the UV-A absorption of rare-earthdoped oxide luminophores is weak due to a limited concentration of dopants (activator) or absorbing centres 9 . Both solid-state and solution-based methods were used to prepare the three types of luminophores utilized within this work. The fully inorganic, 0D Cs 4 SnBr 6 was synthesized through a solidstate approach in which a mixture of CsBr and SnBr 2 were repeatedly pressed and heated at sub-melting temperatures as described in our recent report 40 . (Fig. 2c) . Powder X-ray diffraction patterns of all three materials indicate high phase purity ( Supplementary Figs. 1-3 ).
Optical properties of low-dimensional tin-halides. Although diverse in their compositions, structures and syntheses, all presented materials are qualitatively unified by their broadband and highly Stokes-shifted PL. Their optical absorption behaviour was determined through the measurement of both PL excitation (PLE) and absorption via the application of the Kubelka-Munk (K-M) transformation to diffuse reflectance spectra (Fig. 2d-f ). The absorption of 0D tin-halides, Cs 4 SnBr 6 and (C 4 N 2 H 14 I) 4 SnI 6 , appears as molecular-like bands that coincide with the PLE spectra. Additionally, both materials exhibit absorption features at shorter wavelengths that do not contribute to emission (Fig. 2d,f) . This differs from the 1D compound [C(NH 2 ) 3 ] 2 SnBr 4 , which instead exhibits a continuous PLE spectrum (Fig. 2e) . Such behaviour can be associated with the partial band dispersion that occurs along the polyhedral chain in 1D metal-halides 39 . These molecular-like characteristics of the absorption spectra of low-dimensional compounds are reflected in their emission. Unlike CsSnBr 3 (a 3D perovskite semiconductor), which exhibits weakly Stokes-shifted and narrow PL (as a result of excitonic-recombination) with very low quantum yield (QY) 45, 46 , Cs 4 SnBr 6 shows roomtemperature (RT), green broadband PL centred at 535 nm, with a full-width at half-maximum (FWHM) of 120 nm, and a QY of ~20% (Fig. 2b, Table 1 ). Such broadband and highly Stokes-shifted emission has been observed for other low-dimensional metal-halide compounds such as [C(NH 2 ) 3 ] 2 SnBr 4 , (C 4 N 2 H 14 Br) 4 SnBr 6 and (C 4 N 2 H 14 I) 4 SnI 6 , and is commonly associated with STE recombination (Fig. 2b,d ,f and Supplementary Fig. 4 ) [35] [36] [37] [38] . Recent studies 35, 38, 41 have considered low-dimensional tin-halides as promising downconversion phosphors for solid-state lighting. Here, we focus instead on the existence and practical utility of thermally activated and sensitive non-radiative relaxation pathways in these materials. Furthermore, we see that the temperature ranges at which these pathways appear are material-specific. These two findings will assist other researchers striving to optimize these materials for lighting-based applications. The materials typically used in remote thermometry are either rare-earth-doped or transition-metal-doped phosphors exhibiting intracentre dopant emission 9, 13, 15 or transition metal oxides with STE-based emission 47 . As a result of thermal de-trapping, the emission from thermographic luminophores is generally monoexponential and strongly dependent on the material's temperature; the typical relaxation time for this process is in the range of microseconds to milliseconds. With the low-dimensional tin-halides presented here, we have also found the emission lifetime to be strongly temperature-sensitive, and we associate this with STE de-trapping. The corresponding energy diagram in Fig. 3a depicts this process: following photon absorption (1), an electron is promoted to an excited state and, after its thermalization (2), is trapped (3) in a long-lived STE state. This trapping is then followed by a radiative recombination with broadband emission (4). A thermally assisted de-trapping pathway (5), followed by fast non-radiative recombination, is also present and plays a key role in the temperature dependence of the PL characteristics. During de-trapping, a distorted lattice around an STE can be returned back to its original state through exciton-phonon coupling. Thus, higher temperatures facilitate de-trapping and assist relaxation via a fast non-radiative channel. In agreement with this mechanism, a strong thermally driven acceleration of the PL lifetime is observed (measured with time-resolved PL, TRPL, Fig. 3b) . Furthermore, the PL intensity scales with the change in PL lifetime ( Supplementary Fig. 5 ), and its change is fully reversible with temperature ( Supplementary Fig. 6 ). The absolute PL QYs within the thermal sensitivity range vary between ~100% at temperatures below −40 °C to less than 1% at temperatures above 100 °C. The highly useful, practical assets of this STE-based emission are (1) the independence of PL lifetime from excitation intensity ( Supplementary Fig. 7 ) and (2) the fact that the PL lifetime is the same throughout the whole emission band ( Supplementary Fig. 8 ). In addition, the PL lifetime is independent of the material's environment (freestanding or immersed within a polymer matrix, Supplementary Fig. 9 ), and it is highly reproducible from batch to batch ( Supplementary Fig. 10 ), despite differences in the degree of crystallinity and purity. Even more impressively, the lifetime remains unchanged after partial oxidation ( Supplementary  Fig. 11 ). This suggests that the origin of the temperature dependence is not related to the freezing-out of defect or trap states, but rather a phonon-assisted de-trapping process that is followed by fast non-radiative relaxation. This set of PL characteristics is clearly advantageous over semiconductive metal-halides with delocalized electronic structures (2D and 3D compounds), wherein the PL decay is a complex function of the density, types and depths of defect states, as well as the electronic doping level, the state of the surface and size-quantization. As a result, there is often high batchto-batch variability, even within similar synthetic methods. Such behaviour of the STE emission, in terms of PL lifetime and PL QY, is not unique to Cs 4 SnBr 6 , but is also shared by the other tested 0D and 1D metal-halides (Fig. 3c) . Due to the phononassisted thermal effect, the temperature range for thermal sensing can be compositionally and/or structurally engineered to either higher or lower temperatures than in the case of Cs 4 SnBr 6 . In the temperature range from −200 °C to 110 °C, [C(NH 2 ) 3 ] 2 SnBr 4 begins to exhibit PL lifetime acceleration at the lowest temperatures, with a sensitivity range of −100 °C to −30 °C; Cs 4 SnBr 6 has a sensitivity range from −30 °C to 40 °C, whereas (C 4 N 2 H 14 I) 4 SnI 6 exhibits sensitivity from 40 °C up to 110 °C (these ranges are shown as coloured areas in Fig. 3c) . Although (C 4 N 2 H 14 Br) 4 SnBr 6 also exhibits broadband STE emission, our measurement set-up was not able to reach the thermally sensitive range. This suggests that this range lies at much higher temperatures ( Supplementary Fig. 12 ), and the use of this material as a thermographic luminophore would be rather limited by its thermal stability.
Highly reproducible variation of the PL lifetime, by several orders of magnitude (for example, two orders over a 100 °C range for Cs 4 SnBr 6 ), makes these metal-halides potent luminophores with high thermometric precision. To assess the practically achievable resolution for thermographic applications, we tested the variation of the PL lifetime of a single encapsulated sample of Cs 4 SnBr 6 in response to a temperature step of 0.05 °C (Fig. 3d) , and we could clearly observe this temperature change and determine the thermometric precision of our method from the measured PL lifetime. Within the constant temperature range (at T = 76.84 °C), the PL lifetime was found to have a standard deviation of 0.04 ns over 51 measurements; this was confirmed by repeating the whole experiment twice. This yields a high thermometric precision of 0.013 °C, which is several times better than previous estimates for fluorescent lifetime thermography 18 . An additional figure of merit for thermographic luminophores is the specific sensitivity, α = ( Supplementary Fig. 13 ). This is among the highest reported values for thermographic luminophores 48 . Higher resolutions have been demonstrated, but only for a specific case where operation was limited to a narrow temperature range around a phase transition 48 . Further work is needed to shed light on the physics of the STE emission of these metal-halide luminophores. Here, we have applied several models to fit the experimental temperature dependencies of PL lifetime (Supplementary Note 1, Supplementary Figs. 14-16 and Supplementary Tables 1-3 ). Although they all provide a satisfactory fit, each has difficulties providing physically meaningful fitting parameters. For instance, the Mott model, commonly used for thermal luminophores 8 , results in rather unphysical values for the activation temperature/energy, whereas the exciton-phonon scattering model 49 suggests the participation of up to 13 phonons per single de-trapping event.
ToF thermography using low-dimensional tin-halides. Although several time-resolved measurement techniques like PL decay trace measurements, time-correlated single photon counting (TCSPC, Fig. 3b-d) or phase fluorometry (frequency-domain time-resolved fluorescence) could be used to precisely measure the PL lifetime of these materials, all have traditionally been limited by the fact that they only use a single channel detector 50 . Consequently, lengthy acquisition through point-by-point scanning is required, and this severely limits the thermographic image capture rate.
As a solution to this problem, we adopted the use of ToF fluorescence lifetime imaging (FLI) 19, 20 -a frequency-domain time-resolved technique that can be used to acquire a 2D map of PL lifetimes 51 -and combined it with thermally sensitive luminophores. ToF-FLI is thus used for thermographic imaging. This approach offers both the rapid acquisition speed and excellent depth precision of ToF detectors such as those found in consumer electronics (for example the Kinect 2.0), which we confirmed to be several millimetres at a distance of ~2 m (inset, Fig. 4a and Supplementary Fig. 17 ) 52 . By converting this depth variation into an equivalent delay time (for details see Supplementary Note 2 and Supplementary Fig. 18 ), we find that such a technique could have a precision in the range of tens to hundreds of picoseconds, and this suggests that lifetime precisions approaching those of conventional TCSPC methods are possible. Furthermore, this level of precision is achieved in real time with video recording. Briefly, the working principle for such a ToF-FLI image sensor is based on the acquisition of four phase-locked images at 0°, 90°, 180° and 270° phase differences with respect to the excitation signal (I 0 , I 1 , I 2 and I 3 in Fig. 4b ) followed by recalculation of the average intensity I, modulation depth M and phase delay Δϕ (for details see Supplementary Note 3).
To demonstrate the concept of affordable ToF-FLI thermography with low-dimensional tin-halides, we used a compact, stand-alone prototype developed by some of the co-authors from CSEM (Switzerland), in which all the necessary hardware components for wide-field frequency-domain FLI were incorporated (Supplementary Fig. 19 and Supplementary Note 4). As a test of the thermographic performance of our system, we deposited a Cs 4 SnBr 6 powder over a resistively heated pattern and enclosed the material with a glass coverslip, and then measured the resulting lifetime image of the heated pattern. Compared to a conventional bolometric thermogram (Fig. 4c,d) , the ToF-FLI method showed a much higher lateral thermographic resolution. The blurring observed in the bolometric thermogram of the sample is mostly due to absorption by the coverslip in the mid-to far-IR range (compare Fig. 4c with the bolometric thermogram of the uncovered ITO pattern during heating in Supplementary Fig. 20 ). These absorption effects highlight a major obstacle, that is, absorption of thermal emission by glass and similar media, which prevents the combination of bolometric thermography with conventional optical systems that utilize glass or quartz elements.
Although a still image demonstrates the ability of this system to precisely measure a 2D map of PL lifetime, observing dynamic processes requires the ability to record video and to measure at sufficiently high rates. To demonstrate the potential of our ToF-FLI prototype-whose sensor can record with a rate of up to 100 frames per second-for thermographic video acquisition we recorded a video of the thermal response of a (C 4 N 2 H 14 I) 4 SnI 6 powder through 1 mm of a glass substrate to the brief contact of a soldering pin (the temperature at the apex was ~120 °C; for ToF-FLI specifications see Supplementary Note 4; Supplementary Video 1). Indeed, it was possible to observe the dynamic temperature changes that occurred as well as the heat transfer through and along the substrate-a challenge for pixel-by-pixel scanning technologies. To further benchmark our approach, we analysed the pixel-to-pixel variation in a single frame taken from Supplementary Video 2, where a homogenous temperature source (32.5 °C) was applied over the entire area of a single encapsulated sample of Cs 4 SnBr 6 sample ( Supplementary  Fig. 21 ). From the pixel versus temperature histogram, a FWHM of 0.75 °C was obtained from an area of over 2,000 pixels-approaching commercial IR bolometric cameras operating at room temperature (Supplementary Table 4 ).
In summary, we discovered that the de-trapping process of STEs in low-dimensional tin-halides exhibits extreme thermal sensitivity over a compositionally tunable range of temperatures. In particular, such emission is characterized by monoexponential decays with a steep dependence of PL lifetime on temperature (up to 20 ns °C −1 ). We then applied these features to high-precision thermometric measurements over a wide temperature range (−100 to 110 °C) and demonstrated an approach to remote optical thermography by combining these low-dimensional tin-halide luminophores with ToF-FLI. By doing so, we succeeded in achieving low-cost, precise and high-speed PL-lifetime thermographic imaging.
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